Chemical genomics involves generating large collections of small molecules and using them to modulate cellular states. Despite recent progress in the systematic synthesis of structurally diverse compounds, their use in screens of cellular circuitry is still an ad hoc process 1-4 . Here, we outline a general, efficient approach called gene expression-based highthroughput screening (GE-HTS) in which a gene expression signature is used as a surrogate for cellular states, and we describe its application in a particular setting: the identification of compounds that induce the differentiation of acute myeloid leukemia cells. In screening 1,739 compounds, we identified 8 that reliably induced the differentiation signature and, furthermore, yielded functional evidence of bona fide differentiation. The results indicate that GE-HTS may be a powerful, general approach for chemical screening.
To prove the feasibility of GE-HTS, we applied the method to the identification of compounds capable of inducing terminal differentiation of acute myelogenous leukemia (AML) cells. The plausibility of differentiation induction in leukemia is suggested by a rare subtype of AML known as acute promyelocytic leukemia (APL) in which treatment with all-trans retinoic acid (ATRA) results in clinical remissions through modulation of a mutated retinoic acid receptor alpha 5, 6 . Unfortunately, ATRA has no clinical efficacy in other subtypes of AML 7 . But the fact that all forms of AML show a block of differentiation suggests that differentiation therapy might be possible, provided that the right compounds could be identified. The mechanism underlying such blocked differentiation is unknown in most cases; thus, it is not possible to carry out small-molecule screens against a validated target protein. Instead, a cell-based screening approach is needed. The usual approach to assaying the myeloid differentiation phenotype, however, involves a combination of visual inspection of nuclear morphology and biochemical tests, such as nitroblue tetrazolium (NBT) reduction 8 , neither of which readily lend themselves to a highthroughput screening platform. We therefore sought to use GE-HTS to identify compounds capable of inducing the differentiation program in AML without first knowing the crucial targets of this process.
The first step in the GE-HTS procedure is defining the gene expression signatures of the biological states of interest. To accomplish this, we carried out oligonucleotide microarray-based gene expression profiling of pretreatment bone marrow samples derived from individuals affected with AML, as well as of fully differentiated peripheral blood neutrophils and monocytes derived from unaffected donors (gene expression data are available in Supplementary Table 1a,b online). We thereby identified genes correlated with the neutrophil-versus-AML or monocyte-versus-AML distinctions (Fig. 1) . We selected from these differentiation-correlated genes a handful of marker genes that represented the diversity of myeloid differentiation yet could be easily measured in high-throughput procedures. Specifically, we selected the autosomal chronic granulomatous disease-associated gene NCF1 and the gene encoding orosomucoid-1 (ORM1) as markers of the neutrophil lineage, and the genes encoding interleukin 1 receptor antagonist (IL1RN) and secreted phosphoprotein 1 (SPP1) as markers of the monocyte lineage. Glyceraldehyde 3-phosphate dehydrogenase (GAPD) served as an internal control because it showed minimal variation in expression across the entire microarray data set. We found that these five genes were appropriately regulated in the HL-60 cell line model of AML, in which cells differentiate into neutrophilic or monocytic cells after stimulation by ATRA or phorbol 12-myristate 13-acetate (PMA), respectively ( Fig. 1 and Supplementary Table 1c,d online). We therefore used the five-gene pattern as the differentiation signature for screening. These genes were selected not because of any causal role in the orchestration of the myeloid differentiation process, but rather because of their collective function as robust indicators of the differentiated state.
We next developed a detection assay for the differentiation signature that would be suitable for high-throughput screening. We carried out multiplexed RT-PCR of the signature genes from cells grown in 384-well culture plates. The PCR amplicons underwent a single base extension (SBE) reaction, and the five-plex SBE products were then subjected to matrix-assisted laser desorption/ionization timeof-flight (MALDI-TOF) mass spectrometry and showed quantitative detection across a working range of concentrations (correlation coefficient 0.92; see also Supplementary Note online). The GE-HTS
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concept is not limited to the five signature genes used here or to the SBE-mass spectrometry detection method. Other high-throughput detection methods, such as bead-based detection or 'arrays of arrays' are, in principle, feasible 9, 10 .
For the small-molecule screen, we exposed HL-60 cells (18,000 cells per well in 384-well format) to a single compound per well in triplicate for 72 h. The compound library consisted of 1,739 chemicals that either were already approved for use in humans by the FDA or had already been extensively biologically characterized. We used 181 wells containing vehicle only as negative controls (complete library contents can be found in Supplementary Table 1e online). We carried out multiplexed RT-PCR for the five-gene differentiation signature and quantified the PCR amplicons by mass spectrometry as described above.
To score the results of the screen, we developed three tests of the signature genes. First, we analyzed the signatures with respect to GAPD 258 VOLUME 36 | NUMBER 3 | MARCH 2004 NATURE GENETICS Figure 1 Screening schema overview. The gene expression signatures of the AML-versus-monocyte (Mono) and AML-versus-neutrophil (Neut) distinctions were first determined by DNA microarrays, as illustrated at left. Columns represent samples and rows represent genes, sorted according to their correlation with the distinction (red indicates high relative expression, blue low expression). Signature genes (SPP1, IL1RN, NCF1, ORM1) were then confirmed in an HL-60 cell line model of differentiation after stimulation by ATRA or PMA, and their differential expression (including GAPD as a control marker) extended to a multiplexed RT-PCR assay (middle panel). RT-PCR amplicons were then quantified by MALDI-TOF mass spectrometry after an SBE reaction. Shown is a portion of the mass spectrum of an undifferentiated HL-60 sample versus a differentiated sample corresponding to the IL1RN marker. In the undifferentiated sample, the predominant peak corresponds to the unextended SBE primer, whereas after differentiation (and expression of IL1RN), a peak corresponding to the extended fragment is observed. In the final step (right panel), cells were treated with one compound per well, their RNA was extracted and RT-PCR, SBE and mass spectrometry detection were carried out in 384-well format. The expression of the signature genes was thus quantified and used to generate a composite differentiation score from which hits were identified. RNA levels to exclude compounds that caused nonspecific cell death. Six percent of wells fell below a predefined GAPD score, consistent with previous observations that ~5-7% of compounds in this library result in cellular toxicity in multiple cell lines 11 . We also devised a Neutrophil Score and a Monocyte Score that incorporated the expression levels of all five signature genes and compared the distributions of these scores for the test compounds to those of negative controls. There was statistically significant skewing of the distributions of Neutrophil Scores (P < 0.03; Fig. 2a ) and Monocyte Scores (P < 0.04; Fig. 2b ) among the compounds tested.
We therefore examined 15 top-scoring compounds that emerged from the screen. Two of these candidates (aminopterin and dimaprit dihydrochloride) were previously reported as myeloid differentiation agents and were therefore not pursued further 12, 13 . Repeat experiments with the 13 remaining candidate compounds indicated that 8 of them (Table 1) reproducibly triggered the differentiation signature (Supplementary Table 1g online).
We next asked whether these eight compounds simply regulate this handful of marker genes, or whether they actually invoke a broader, genome-wide program of differentiation-associated gene Fig. 3 and Table 1 ). The Mantel test is an unbiased, global measure of similarity, indicating that the six compounds induced a nonrandom program of gene expression consistent with differentiation. Notably, however, the magnitude of induction of the differentiation-associated gene expression pattern was weaker than that observed with the positive controls ATRA or PMA (Supplementary Tables 1h-k online) . To further confirm the biological consequence of compounds identified by GE-HTS, we first examined cells for the nuclear condensation and lobulation characteristic of polymorphonuclear neutrophils. For example, the estradiol derivative 16-ketoestradiol induced marked nuclear maturation in HL-60 cells (Fig. 4a-d) . Notably, differentiating effects were not restricted to the HL-60 leukemia cell line. For example, erythro-9-(2-hydroxy-3-nonyl) adenine HCl and 5-fluorouridine induced macrophage morphology (Fig. 4e-g ) in the myeloid leukemia cell line U937 (see also Supplementary Table 1l online). Furthermore, we observed compound effects in primary leukemia cells. For example, treatment with 16-ketoestradiol of primary leukemic blasts from an individual with microgranular variant acute promyelocytic leukemia induced neutrophilic morphology and whole-genome expression changes consistent with neutrophilic differentiation (Fig.  4h-j) . Similarly, 16-ketoestradiol induced morphological evidence of macrophage maturation in leukemic blasts from an individual with type M1 AML, whereas ATRA had minimal effect (Fig. 4k-m and Supplementary Tables 1m, n online).
To extend these morphological observations, we next carried out three functional tests of differentiation. First, we showed that, as expected for terminally differentiating cells, many of the compounds (six of eight, 75%) inhibited cell proliferation at concentrations that induce the differentiation signature ( Table 1 ). In addition, seven of eight candidate compounds scored positive in an NBT assay, consistent with their myeloid maturation ( Fig. 5a and Table 1 ). Furthermore, we observed NBT reduction in primary cells from affected individuals. For example, 16-ketoestradiol induced NBT reduction in primary M1-AML cells, whereas ATRA did not (P < 0.004). We also found that five of eight candidate compounds induced engulfment of fluorescent carboxylate microspheres, consistent with phagocytic capacity of mature myeloid cells (P < 0.03; Fig. 5b and Supplementary Note online).
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VOLUME 36 | NUMBER 3 | MARCH 2004 NATURE GENETICS These experiments indicate that all eight compounds that reproducibly triggered the differentiation signature induced at least one functional hallmark of bona fide differentiation, and that four of these were positive for all functional measures. Notably, phagocytosis and NBT reduction could be separated by some of the compounds. This suggests that chemical genomic screens, such as that described here, might be useful for the dissection of complex physiological processes. Our screen also yielded five false positives (0.3%), but each of these was quickly eliminated with repeat measurement of the signature. The GE-HTS method thus rapidly identified compounds that not only regulated the signature genes but also invoked the actual biological state transition of interest.
Although any chemical library can be used with GE-HTS, the one used here included many compounds with known mechanisms of action, thereby providing insight into the potential mechanism by which these compounds may induce differentiation. For example, five of the compounds identified in this screen (dimaprit dihydrochloride, pergolide methanesulfonate, (R)-(-)-apomorphine HCl, erythro-9-(2-hydroxy-3-nonyl) adenine HCl and the β-estradiol-related compound 16-ketoestradiol) increase intracellular cyclic AMP, which in turn potentiates myeloid differentiation [13] [14] [15] [16] [17] [18] . The fact that the estrogen derivative 16-ketoestradiol had differentiation-promoting activity prompted us to examine structurally related compounds, including β-estradiol, 17-α-ethynylestradiol and 17-α-estradiol, all of which induced neutrophilic morphology and NBT reduction (P < 0.02; Supplementary Table 1o and Supplementary Note online), suggesting that it is the estrogenic component of these molecules that promotes differentiation, as previously suggested 19, 20 . Two of the other compounds identified in this screen block pyrimidine synthesis through inhibition of either dihydrofolate reductase (aminopterin) or thymidylate synthetase (5-fluorouridine) 21, 22 . Although these agents abrogate DNA synthesis and thus inhibited cell proliferation, other agents that similarly impede proliferation did not induce the differentiation signature, consistent with the idea that differentiation is not simply a default molecular program activated in the absence of proliferation 23 . Clearly, additional experiments are required to determine definitively the mechanism by which differentiation is induced by the compounds identified in this screen.
With the completion of the Human Genome Project, it is more straightforward to define cellular states based on genomic information. The challenge ahead is to bring chemistry to the systematic modulation of these states. The GE-HTS strategy described here is designed to provide a general approach to the discovery of state-modulating molecules identified solely by their ability to induce a surrogate gene expression signature. Such compounds could serve both as research reagents and as possible therapeutic leads. Although we have applied GE-HTS to leukemia, it could be applied, in principle, to any cellular response that affects gene expression. For example, the method could be used to identify compounds that abrogate physiologic processes (e.g., cellular migration) or particular signaling pathways (e.g., kinase cascades).
Unlike traditional assay techniques, such as those based on cellular phenotypes 1-3 , reporter constructs 24 or antibody-based methods 25, 26 , GE-HTS does not require any specialized assays, reagents or assay customization. The gene expression signature definition, amplification and detection are entirely generic. Furthermore, unlike other gene expression-based methods designed to identify inhibitors of previously validated targets 27 , such prior target validation is not required for GE-HTS; the gene expression signature simply serves as a surrogate for the biological state in question. In the leukemia differentiation case, we show that a modest number of genes are sufficient to capture a complex cellular response. Further investigation will, of course, be needed to identify the optimal type of gene signature. The use of more genes may increase specificity or enable the identification of compounds that trigger only part of a cellular response, and thereby help to dissect it.
An important goal for the decade ahead is the development of a wide range of chemical tools for use in modulating cellular states. The GE-HTS approach described here should prove useful for the systematic identification of compounds capable of modulating biological processes for which the key effectors are not yet known.
METHODS
Characterization of differentiation signatures. We obtained normal peripheral blood monocytes and neutrophils by Ficoll-Paque (Amersham Pharmacia Biotech) separation from three normal human donors provided by the Dana Farber Cancer Institute blood bank. We obtained primary samples from adults with AML from the Cancer and Leukemia Group leukemia bank as previously reported 28 . We isolated RNA using Trizol (GIBCO/BRL) following the manufacturer's instructions and prepared it for hybridization to Affymetrix HuFL microarrays containing 6,817 genes and expressed-sequence tags as previously reported 28 .
After carrying out standard preprocessing steps, we selected differentiation signature genes using the signal-to-noise (SNR) statistic to rank the genes that correlated with the AML-versus-neutrophil and AML-versus-monocyte distinctions. SNR = (µ classo -µ class1 )/(σ classo + σ class1 ) where µ and σ represent the mean and the standard deviation of the expression, respectively, for each class. Permutation of the sample labels was done to compare these correlations with what would be expected by chance. We carried out 2,500 permutations to identify the differentiation signature genes that met statistical significance at the 80th percentile using GeneCluster2. We selected GAPD as the control gene based on the Affymetrix expression data and historical use of GAPD as a control. We confirmed the behaviors of the signature genes in the AML cell line HL-60 (American Type Culture Collection), which was differentiated in duplicate toward a neutrophil with 1 µM ATRA (Sigma) for 0, 24, 72 and 120 h or toward a monocyte-macrophage-like cell with 10 nM PMA (Sigma) for 0, 4, 12 and 24 h. We extracted, labeled and hybridized RNA to Affymetrix HuFL microarrays. Full details of target preparation and microarray analyses are described in Supplementary Note online.
High-throughput RT-PCR amplification of signature genes. We grew HL-60 cells in 384-well culture plates in 40 µl of medium (RPMI 1640 (Cellgro) with 10% fetal bovine serum (Sigma) and 1% penicillin-streptomycin (Cellgro)) at 0.45 × 10 6 cells ml -1 . We lysed cells with 45 µl per well of a mixture containing a hypotonic detergent, dithiothreitol and RNAse inhibitor. We then transferred 15 µl of lysate and 6 µl of a 2.5× binding buffer to a 384-well oligo-dT-coated plate. After washing, we carried out reverse transcription in a 20-µl M-MuLV reaction at 37 °C for 1.5 h. We purchased lysis buffers, 384-well custom-coated oligo-dT plates, wash buffers and M-MuLV from Pierce and used them according to a modified version of their Express Direct mRNA Capture and RT-PCR system.
After carrying out multiplexed PCR, we treated 5 µl of the reaction with shrimp alkaline phosphatase (Sequenom) to inactivate remaining dNTPs. We designed SBE probes of 16-21 nucleotides with an annealing temperature of 50-55 °C. We carried out five-plex SBE reactions in 9-µl reaction volumes with 1× Thermosequenase buffer, 2.7 µM of each primer, 0.2 mM of each ddNTP (Sequenom) and 0.58 units per reaction of Thermosequenase (Sequenom) in an MJ 384-well Thermocycler (92 °C for 2 min, 40 cycles of 92°C for 20 s, 50 °C for 30 s). We then treated the SBE product with a resin to remove residual salt and loaded it onto a 3-hydroxypicolinic acid-based matrix pad (SpectroCHIP, Sequenom) with a Spectropoint robot (RoboDesign). SpectroCHIPS were analyzed with a Bruker Biflex MALDI-TOF mass spectrometer (SpectroREADER), and spectra were processed using SpectroTYPER software (Sequenom). For each fragment, the peak intensity corresponding to the expected mass of the extended primer was recorded and its value adjusted for background noise. (See Supplementary Note online for full details of methods and primer sequences.) Screening methods. We grew HL-60 cells at 0.45 × 10 6 cells ml -1 in 40-µl volumes in 384-well culture plates. We treated cells at a uniform concentration with 4 µg ml -1 (corresponding to ∼10 µM) of each compound dissolved in 0.1% dimethylsulfoxide (DMSO). Details of the small molecule library can be found in Supplementary Note online. After 3 d, we extracted RNA and carried out RT-PCR in 20-µl reaction volumes as described above with five primer pairs: GAPD, IL1RN, SPP1, NCF1 and ORM1. We then carried out SBE and MALDI-TOF mass spectrometry as described above and calculated the Neutrophil and Monocyte Scores as detailed in Supplementary Note online.
Confirmation of candidate compounds: signature confirmation. We treated HL-60 cells in triplicate for 5 d with candidate compounds at the following concentrations: (R)-(-)-apomorphine HCl, 5 µM; 8-(3-chlorostyryl) caffeine, 75 µM; cyclazosin HCl, 7.5 µM; 4,5-dianilinophthalimide, 30 µM; erythro-9-(2-hydroxy-3-nonyl) adenine HCl, 70 µM; 5-fluorouracil, 1 µM; 5-fluorouridine, 0.1 µM; 16-ketoestradiol, 70 µM; α-methyl-L-p-tyrosine, 100 µM; pergolide methanesulfonate, 50 µM; 1,10-phenanthroline, 0.8 µM; (-) scopolamine methyl bromide, 75 µM; and sulmazole, 70 µM. We purchased all compounds from Sigma, except cyclazosin HCl, which was provided by D. Giardina (Department of Chemical Sciences, University of Camerino, Camerino, Italy). We determined effective concentrations by preliminary evaluation of compound-induced differentiation and growth inhibition. We used untreated HL-60 cells and HL-60 cells treated with 0.1% DMSO vehicle as negative controls. We isolated RNA from cells treated with candidate compounds and hybridized it to Affymetrix U133A microarrays (Supplementary Note online). We compared the mean expression value for each marker gene in the compoundtreated cells with that of the negative controls by evaluation of relative induction and a one-tailed t-test analysis of statistical significance.
Whole-genome evaluation of compounds. We used the Mantel test, a nonparametric randomization-based procedure that estimates the correlation between two distance matrices, to assess whether the chemicals induced wholegenome changes consistent with differentiation 29 . For a given gene expression data set X and corresponding class labels (e.g., compound-treated versus untreated HL-60 cells or AML blasts versus neutrophils), we calculated the distance of each feature from the class labels using the SNR statistic as follows:
where µ i1 represents the mean expression of samples from class 1 for feature i and σ i1 represents the standard deviation of class 1 for feature i. Similarly, we calculated the SNR statistic for the second set of samples Y. The elements of vector X and vector Y correspond to the same set of objects (genes). We computed the Pearson correlation between the corresponding elements of the two vectors, producing the Mantel correlation R m as follows:
We used R m as the reference value in the Mantel test. We computed significance levels by randomly permuting the elements of one of the vectors to produce a permuted vector X* and, as before, computed R m * between X* and Y. We repeated the permutation-computation steps 2,500 times and used the resulting distribution to estimate the P value by determining the proportion of R m * values that exceeded R m (Supplementary Note online).
NBT reduction assay. We treated cells with compounds for 6 d and then incubated them at 37 °C for 1 h in medium containing 10% fetal bovine serum, 0.1% NBT (Sigma) and 1 µg ml -1 PMA (Sigma). We determined the percentage of blue cells by light microscopy for at least 200 cells per sample and used a 
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